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Abstract
Strain-controlled fatigue of Mg-1Mn-0.5Nd (wt.%) alloy were studied by ex-
periment and simulation. The microstructure was made up of a dispersion of
strongly texture grains (13%) embedded in a matrix of grains with a random
texture. The cyclic stress-strain curves showed limited tension-compression
anisotropy because of the limited texture. Cyclic hardening under compres-
sion and cyclic softening under tension occurred due to the presence of twin-
ning. Moreover, the twin volume fraction of the broken samples depended
on whether the sample was broken in tension or compression, indicating that
twining-detwinning occurs during the whole fatigue life. The mechanical re-
sponse of the polycrystalline alloy was simulated by means of computational
homogenization. The behavior of the Mg grains was modelled using a phe-
nomenological crystal plasticity model that accounted for basal, prismatic
and pyramidal slip (including isotropic and kinematic hardening) as well as
twining and detwinning. The model parameters were calibrated from the
cyclic stress-strain curves at different cyclic strain amplitudes. Numerical
simulations were used to understand the dominant deformation mechanisms
and to predict the fatigue life by means of a fatigue indicator parameter
based on the accumulated plastic shear strain in each fatigue cycle.
Keywords: A. magnesiumm, A. rare earth, A. fatigue, B. crystal plasticity,
B. fatigue indicator parameter, slip, twin, back stress
∗Corresponding author. tel +34 91 549 34 22
Email address: anxin.ma@imdea.org (Anxin Ma)
Preprint submitted to International Journal of Plasticity, accepted for publication.October 7, 2020
ar
X
iv
:2
01
0.
02
77
4v
1 
 [c
on
d-
ma
t.m
trl
-sc
i] 
 6 
Oc
t 2
02
0
1. Introduction
Mg alloys present low density, good castability, high specific stiffness and
reasonable cost and they are being considered for different structural appli-
cations in transportation (aerospace, automotive) (Mordike and Ebert, 2001;
Li et al., 2020) as well as in health care (biodegradable implants) due to
their excellent biocompatibility (Zheng et al., 2014; Echeverry-Rendon et al.,
2019). These driving forces have impulsed the investigation on the defor-
mation and fracture mechanisms of Mg alloys to improve the mechanical
properties (Agnew and Nie, 2010; Nie, 2012). Mg has a HCP lattice with
c/a = 1.624 which leads to a negligible critical resolved shear stress (CRSS)
for < a > basal slip that cannot be easily increased through either solution
(Wang et al., 2019) or precipitation hardening (Cepeda-Jime´nez et al., 2019;
Alizadeh and LLorca, 2020). Moreover, the CRSS for < a + c > pyramidal
slip is very high in most Mg alloys and plastic deformation along the c axis
has to be accommodated by twinning, leading to a strong plastic anisotropy
that limits the ductility (Lloyd and Priddy, 2017). So far, the Mg alloys with
best properties in terms of strength, ductility and limited plastic anisotropy
have been obtained through the addition of rare earths (Y, Gd, Nd, Ce)
which enhance pyramidal slip and reduce the strong basal texture generated
during deformation processing (Bohlen et al., 2007; Stanford and Barnett,
2008).
While the relationship between microstructure and mechanical properties
of Mg and Mg alloys under monotonic deformation has been analyzed exten-
sively in recent years, the information about the mechanical behavior under
cyclic deformation is more limited. Ogarevic and Stephens (1990) summa-
rized the data available in the literature up to 1990, which was focused in the
experimental determination of the S-N curves and fatigue crack growth rates
under different loading conditions. More recent investigations in strongly tex-
tured Mg-Zn and Mg-Al alloy subjected to fully-reversed cyclic deformation
showed that these alloys presented a strong tension-compression asymmetry
due to continuous activation of twinning-detwinning in grains suitably ori-
ented (Wu et al., 2008; Yu et al., 2011; Dong et al., 2014; Xiong et al., 2014).
The strength in compression was controlled by the stress required to acti-
vate twinning, while the strength in tension was determined by the harder,
non-basal slip mechanisms. The tension-compression asymmetry was smaller
at low cyclic strain amplitudes because twinning was limited. Most of the
twins formed during compression were removed when the load was reversed
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but the residual twin volume fraction gradually increased with the number
of cycles. Moreover, in situ cyclic deformation tests have been carried out
in synchrotron beams lines to determine accurately the critical stress for
twinning an detwinning (Zhang et al., 2019; Murphy-Leonard et al., 2019b)
and this information has been used within the framework of crystal plas-
ticity finite element simulations to predict the cyclic stress-strain behavior
(Zhang et al., 2019; Briffod et al., 2019). They showed that the information
provided by the simulations is critical to assess the dominant deformation
mechanisms in terms of slip and twinning which will determine the fatigue
life of Mg alloys.
Previous investigations were focused in strongly textured Mg alloys and
there is very limited experiment-simulation coupled studies on low cyclic fa-
tigue of Mg-RE alloys. The cyclic deformation behavior of a Mg-Gd-Y alloy
was studied by (Wang et al., 2013), who reported the cyclic stress-strain
curves and the fatigue life as a function of the cyclic strain amplitude. In
a follow-up paper, Wang et al. (2014) reported from fractographic observa-
tions the mechanisms of microcrack initiation during fatigue. They found
that that microcracks were nucleated at grain boundaries at high strain am-
plitudes and along persistent slip bands at low strain amplitudes. However,
their results were purely phenomenological and did not analyze the domi-
nant deformation mechanisms neither included any theoretical or numerical
modelling. Zhu et al. (2014) studied the fatigue deformation of Mg-RE al-
loys experimentally and numerically, while linear fracture mechanics model
was used to study fatigue life and microstructure was not considered. Chen
et al. (2017) reported experimental result of fatigue of Mg-RE alloys but they
did not make modelling and simulation. In this investigation, the mechani-
cal properties under monotonic (tension and compression) and fully-reversed
cyclic deformation were determined in an extruded Mg - 1Mn - 0.5Nd (wt.
%) alloy along the extrusion direction. The fatigue life was determined as a
function of the cyclic strain amplitude and the deformation mechanisms were
analyzed by means of computational homogenization using a phenomenologi-
cal crystal-plasticity model. Finally, the fatigue life as a function of the cyclic
strain amplitude was predicted from a fatigue indicator parameter based on
the accumulated plastic shear strain in each slip system in each fatigue cycle
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2. Material and Experimental Techniques
The Mg alloy containing 1 wt. % of Mn and 0.5 wt. % of Nd was
manufactured by gravity casting, followed by homogenization at 623 K during
15 hours and extrusion at 573 K and 8.3 mm/s to produce round bars of 17
mm in diameter. The extrusion ratio was 1:30 and more details can be found
in Hidalgo-Manrique et al. (2013). Longitudinal sections of the bars were
prepared using standard techniques and analyzed by electron backscatter
diffraction (EBSD) to determine the grain size and shape in a dual-beam
field emission gun scanning electron microscope (Helios Nanolab 600i FEI)
equipped with an Oxford-HKL electron back scattered system. In addition,
the texture was measured by means of X-ray diffraction in the central region
of the bars in sections perpendicular to the extrusion direction. The (0001),
(101¯3), (101¯2), (101¯1), (101¯0) and (112¯0) pole figures were measured using
Cu Kα radiation in an Empyrean Panalytical diffractometer.
Monotonic (tension and compression) and fully-reversed, constant strain
amplitude fatigue tests were carried out in cylindrical samples machined par-
allel to the extrusion direction. The dimensions of the samples are depicted
in Fig. 1. All the mechanical tests were carried out in a servo-hydraulic
mechanical testing machine. The deformation in the central section of the
cylindrical specimens was measured (and controlled in the case of the cyclic
tests) with an extensometer. Monotonic tests were carried out at an approx-
imate strain rate of 10−3 s−1 under stroke control. Fatigue tests were carried
out at three different cyclic strain semi-amplitudes of ∆/2 = 0.8%, 2.0 %
and 4.0% at constant strain rate of 0.001 s−1
The specimens were initially deformed in tension in some cases and in
compression in other cases. The load and the deformation were recorded
during the tests, which finished when the sample failed. Longitudinal sections
were prepared from the fractured specimens, polished and analyzed by EBSD
at different distances from the fracture surface to determine the fraction of
twinned material.
3. Experimental results
The microstructure of the material was analyzed by EBSD in a section
perpendicular to the extrusion direction and the corresponding inverse pole
figure map is shown in Fig. 2a. It shows a fully recrystallized microstructure
containing fine equiaxed grains. The grain size distribution (determined from
4
Figure 1: Dimensions of cylindrical samples for the monotonic and fatigue tests.
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Figure 2: (a) EBSD map of a cross-section perpendicular to the extrusion direction. (b)
Grain size distribution perpendicular to the extrusion direction.
the area of each grain assuming that the grain shape was circular) is shown
in Fig. 2b and the average grain size was 8.6 ± 4.0 µm.
The texture of the material obtained by X-ray diffraction is given by the
pole figures, indicating the orientation of basal (0001) and prismatic (101¯0])
planes (Fig. 3). They show that the alloy has a noticeable fiber texture
component (very likely because the Nd content was limited to 0.5 wt. %.
Assuming a criterion of a misorientation angle ≤ 5◦, this microstructure can
be approximated by a ”matrix” of Mg grains with random orientations (that
occupies 87% of the volume fraction) which encompasses many ”inclusions”
with volume fraction of 13% made up by Mg grains with the basal plane
practically parallel to the extrusion axis.
The mechanical properties of the alloy in tension and compression along
5
Figure 3: Experimental pole figures indicating the orientation of basal (0001) and (101¯0)
planes. The numbers in the legend stand for multiples of random distribution.
the extrusion axis are plotted in Fig. 4. They are typical of a textured
Mg alloy. The orientation of the basal planes parallel to the extrusion axis
facilitates twinning deformation in compression, leading to the concave shape
of the stress-strain curve after yielding. However, extension twining is not
favored by texture during tensile deformation and deformation along the c
axis of the Mg lattice has to be accommodated by pyramidal slip, leading to
the parabolic hardening in the stress-strain curves. Of course, basal slip will
be activated both in tension and compression (although the Schmid factor in
most basal planes will be low due to the texture) because of the low values
of the critical resolved shear stress for basal slip.
The cyclic stress-strain curves for different values of the applied cyclic
strain amplitude are plotted in Figs. 5a and b. The curves of the former fig-
ure correspond to fatigue tests in which the specimen was initially deformed
in tension and those in the latter to the specimens initially deformed in com-
pression. In general, the cyclic stress-strain curves reached a steady-state
condition after a few cycles and presented similar features to those reported
by (Wu et al., 2008; Yu et al., 2011; Dong et al., 2014; Xiong et al., 2014)
in Mg and Mg alloys. The specimens deformed initially in tension (Fig. 5a)
showed parabolic hardening which was followed by twinning when the load
was reversed. The initial shape of the stress-strain curve in the second load
cycle in tension was not parabolic shape but presented an S-shape because
of the activation of detwinning. Afterwords, the cyclic stress-strain curves
did not change significantly with the number of cycles until failure. Simi-
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Figure 4: Experimental tension and compression stress-strain curves along the extrusion
direction.
lar differences in the stress-strain curves between the stress-strain curves of
the first and following cycles were found in the samples deformed initially in
compression (Fig. 5b) although the sequence of events was different: twin-
ning developed during the initial deformation in compression and detwinning
appeared in the second part of the first cycle, when the sample was loaded
in tension.
The evolution of the maximum (σmax) and minimum (σmin) stress with
the number of fatigue cycles N is plotted in Fig. 6a) and b) for the specimens
initially deformed in tension or in compression, respectively. σmax > |σmin|
for any given cyclic strain amplitude because twinning took place during the
compressive part of the fatigue cycle. Moreover, the differences between the
absolute values of σmax and σmin increased with ∆ because the contribution
of twinning also increased. Both σmax and σmin remained practically constant
throughout the test at ∆/2 = 0.8%, while strain softening in tension and
strain hardening in compression with the number of cycles was observed in
the specimens deformed at ∆/2= 4%. The specimens deformed at ∆/2=
2% also showed slight softening in tension. The progressive hardening un-
der compression can be rationalized by the presence of twins, which act as
7
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Figure 5: Cyclic stress-strain curves of the specimens loaded un cyclic deformation during
the first ten cycles. (a) Specimens initially deformed in tension. (b) Specimens initially
deformed in compression.
obstacles to dislocation motion, and increased with the cyclic strain ampli-
tude because together with the volume fraction of twins. On the contrary,
detwinning took place during the tensile part of the fatigue cycle, leading to
a reduction in the stress necessary to move dislocations.
The fatigue life of the tested specimens was plotted in Fig. 7 as a function
of the applied cyclic strain semi-amplitude, ∆/2. It should be noted that
the cyclic stress-strain curves in Figs. 5 and 6 were very similar for both
tests.
Selected specimens were sliced parallel to the loading direction after frac-
ture and the microstructure was analyzed with EBSD close and far-away
from the fracture surface. The EBSD images were analyzed using the HKL
Channel 5 software and the (101¯2) tension twin regions were determined from
the misorientation angle of 86◦ between the Mg matrix and the twinned re-
gions (Fig. 8). The twin volume fraction was determined close and far-away
from the fracture surfaces and is depicted in Table 1. It should be noted that
the fraction of twinned material is always higher near to the fracture sur-
face indicating that the localization of damage in this region influenced the
development of twins. In addition, twinning took place during the compres-
sive part of the cycle while detwinning occurred in tension. Thus, the twin
area fraction was much larger in the specimens that failed in compression as
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Figure 6: Evolution of the maximum (σmax) and minimum (σmin) stress as a function of
the number of cycles N . (a) Specimens initially deformed in compression. (b) Specimens
initially deformed in tension.
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Figure 7: Fatigue life of as a function of the cyclic strain semi-amplitude, ∆/2 of the
specimens initially deformed in tension and in compression
compared with those that failed in tension for ∆/2 = 2%. Unfortunately,
all the specimens deformed at ∆/2 = 4% failed in compression and those
tested at ∆/2 = 0.8% failed in tension.
9
a. b.
200 µm 200 µm
Figure 8: EBSD map of the longitudinal section of the specimen deformed at ∆ = 2%
(beginning in tension). (a) Close to the fracture surface. (b) Far away from the fracture
surface. The extrusion direction is horizontal. The twinned regions appear as red zones
in the EBSD map.
∆/2 initial TAF near fracture TAF center failure
(%) loading (%) (%) point
4% Compression not measured 36.45 compression
4% Tension not measured 26.56 compression
2% Compression 35.5 19.6 compression
2% Tension 9.8 0.3 tension
0.8% Compression 5.9 0.2 tension
0.8% Tension 8.8 1.5 tension
Table 1: Twin area fraction (TAF) near and far-way from the fracture surfaces measured
from EBSD maps on longitudinal sections of the samples deformed with different cyclic
strain semi-amplitudes ∆/2. The initial loading direction (either tension or compression)
and whether the specimen failed close to the maximum tensile strain or to the minimum
compressive strain is indicated for each test.
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4. Computational homogenization
In literature the cyclic stress strain curves as well as twin volume fraction
evolutions of Mg alloys were widely simulated by crystal plasticity mod-
els based on finite element, fast Fourier transformation and self consistent
approaches (H.Wang et al., 2013; Segurado et al., 2018; Paramatmuni and
Kanjarla, 2019; Tang et al., 2019; Indurkar et al., 2020). Most of these CP
models adopted phenomenological type flow and hardening laws where twin-
ning was modeled by as a pseudo-slip deformation mode (Kalidindi, 1998;
Herrera-Solaz et al., 2014b,a).
4.1. Crystal plasticity framework
The crystal plasticity model followed the standard multiplicative decom-
position of the deformation gradient F into the elastic (Fe) and plastic (Fp)
components according to (Kalidindi et al., 1992)
F = FeFp. (1)
In the intermediate configuration, the plastic velocity gradient Lp is the
sum of the contributions due to slip (Lslp ) and twinning (L
tw
p ) as
Lp = L
sl
p + L
tw
p (2)
and plastic slip in the twinned regions of the crystal was not included in
the model because it is unlikely to occur due to the continuous twinning-
detwinning during cyclic deformation (Murphy-Leonard et al., 2019a).
Plastic deformation in Mg alloys is known to occur in 3 < a > (0001)
[112¯0] basal, 3 < a > (11¯00) [112¯0] prismatic and 12 < a+ c > (101¯1) [112¯3]
pyramidal slip systems, while tensile twinning takes place along 6 (011¯2)
[01¯11] twins variants. The contribution of plastic slip to the plastic velocity
gradient is expressed as
Lslp =
(
1−
Ntw∑
β=1
fβ
)
Nsl∑
α=1
γ˙αsˆ
sl
α ⊗ mˆslα (3)
where Nsl and Ntw stand for the number of slip and twin systems, respec-
tively. sˆslα and mˆ
sl
α are unit vectors parallel to the slip direction and slip plane
normal, respectively, of slip system α in the reference configuration and fβ
is the volume fraction of twins corresponding to the twin system β.
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The contribution of twining to the plastic velocity gradient can be ex-
pressed as
Ltwp =
Ntw∑
β=1
f˙βγtwsˆ
tw
β ⊗ mˆtwβ . (4)
where sˆtwβ and mˆ
tw
β are unit vectors parallel to the twin direction and twin
plane normal, respectively, of twin system β in the reference configuration
and γtw (= 0.129 in Mg) (Herrera-Solaz et al., 2014b) is the eigenstrain
associated to extension twinning which only takes place when the deformation
leads to an extension of the c axis of the HCP lattice.
The slip rate in a slip system α is defined by a power-law dependency
according to
γ˙α = γ˙0
[
τα − τ bα
gα
] 1
m
sign(τα − τ bα) (5)
where γ˙0 is the reference shear rate parameter, m the strain rate sensitivity
exponent and gα and τ
b
α stand for the isotropic and kinematic hardening
contributions, respectively. τα is the resolved shear stress on the slip system
α that can be expressed as the projection of the second Piola-Kirchhoff stress,
S, on the current slip system α, which is given by
τα = S : (sˆ
sl
α ⊗ mˆslα ). (6)
The evolution law of the isotropic hardening can be expressed as (Ka-
lidindi, 1998)
g˙α =
Nsl∑
γ=1
h′αγHγ
(
1− τγ
gsatγ
)ass
|γ˙γ|+
Ntw∑
β=1
h′′αβHβ
(
1− τβ
gsatβ
)ast
|γ˙β| (7)
where h′αγ is the latent hardening parameter between slip system α and
slip system γ. Parameter h′′αβ stands for the latent hardening parameter
between slip system α and twin system β. Parameters gsatγ and Hγ stand
for the saturation critical resolved shear stress and the hardening modulus,
respectively, of the slip system γ while gsatβ and Hβ are the corresponding
values for the twin system β. ass is the slip-slip hardening exponent, while
ast is the twin-slip hardening exponent.
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The evolution of the backstress τ bα which determines the kinematic hard-
ening during cyclic deformation is a simplification of the Ohno-Wang macro-
scopic model (Ohno and Wang, 1993), which is able to reproduce the complex
cyclic behavior of a polycrystal. Mathematically,
τ˙ bα = cαγ˙α − dατ bα
( |τ bα|
cα/dα
)kα
|γ˙α| (8)
where the parameter cα/dα indicates the stabilized scalar back-stress for slip
system α, 1/dα stands for the absolute value of the shear |γα| when the
back-stress stabilizes and kα accounts for the non-linearity of the back stress
evolution. This model was successfully applied to simulate the evolution of
kinematic hardening in Ni-based superalloys during computational homoge-
nization of polycrystals (Cruzado et al., 2017, 2018).
As twinning systems were treated as pseudo-slip systems, the evolution
of the twin volume fraction in each twin variant, f˙β, also follows a power-law
but the peculiarities of twinning have to be taken into account. In particular,
tension twinning can only occur when the resolved shear stress on the twin
plane leads to an extension of the c axis and cannot progress anymore in any
twin system if the whole region associated to the Gauss point is completely
twinned (i.e.
∑
β fβ = 1). In addition, the twinned region can detwin when
the resolved shear stress is opposed to the one required for twinning and
reaches a critical value (Zhang et al., 2019; Murphy-Leonard et al., 2019b;
Briffod et al., 2019; Yaghoobi et al., 2020). This means that f˙β can be
negative or positive, but the resistance for twin boundary motion under both
scenarios can be different. Mathematically, these conditions can be taken into
account as
f˙β = f˙0
(
|τβ |
gβ
) 1
m
sign(τβ) if fβ > 0 and
∑
fβ < 1
f˙β = 0 if τβ > 0 and
∑
fβ ≈ 1
f˙β = 0 if τβ < 0 and fβ ≈ 0
(9)
where f˙0 is the reference twin volume fraction rate, τβ represents the resolved
shear stress on twin system, which can be calculated as in eq. (6) for the cor-
responding twin system, and gβ are the stresses necessary to activate twining
or detwinning. They do not have to be equal, following recent experimental
observations (Zhang et al., 2019; Murphy-Leonard et al., 2019b).
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The hardening law for twin boundary motion is expressed as
g˙β =
Ntw∑
β=1
h′′′αβHβγtw
(
1− τβ
gsatβ
)att
|f˙β| (10)
where – similar to equation (7) — h′′′αβ stands for the twin/twin latent harden-
ing parameter, Hβ the corresponding hardening modulus, g
sat
β the saturated
critical resolved shear stress for twinning or de-twinning, and att the twin-to-
twin hardening exponent. It is assumed that plastic slip does not influence
the hardening of twinning.
4.2. Homogenization strategy
The mechanical response of the polycrystalline Mg alloys was determined
by means of the finite element simulation of a Representative Volume El-
ement (RVE) of the microstructure. The RVE was created using NEPER
(Neper, 2020) included 200 grains which followed the grain size distribution
in Figure 2b). The polycrystal was represented by a cubic domain, which was
discretized with a regular mesh of 11 x 11 x 11 cubic C3D8R finite elements
where each crystal is represented by about 7 elements. The orientation of the
grains was obtained from the experimental orientation distribution function
obtained by X-ray diffraction (Fig. 3). The actual pole figures of the grains
in the RVE indicating the orientation of basal (0001) and (101¯0) planes are
shown in Fig. 9. This RVE was used in section 5.1 to identify the param-
eters of the crystal plasticity model and in section 5.2 to identify the cyclic
deformation mechanisms.
The mechanical response of the aforementioned RVE under uniaxial cyclic
deformation was simulated using Abaqus/Standard (Abaqus, 2018) within
the framework of the finite deformations theory with the initial unstressed
state as reference. The behavior of each crystal followed the crystal plasticity
model presented above that was implemented as User Material subroutine
(UMAT) in Abaqus. Periodic boundary conditions were applied along the
three directions of the RVE. Uniaxial cyclic deformation was obtained by
applying an alternating cyclic displacement in one direction while the total
stresses in both perpendicular directions were 0. The applied strain rate was
10−3 s−1. More details about the numerical homogenization strategy can be
found elsewhere (Herrera-Solaz et al., 2015)
14
Figure 9: Pole figures of the RVE of the polycrystal indicating the orientation of basal
(0001) and (101¯0) planes. The numbers in the legend stand for multiples of random
distribution.
C11 C12 C33 C13 C44
59.4 25.6 61.6 21.4 16.4
Table 2: Elastic constants (in GPa) after Zhang and Joshi (2012).
5. Numerical results and discussion
5.1. Parameter identification
The elastic constants of the Mg single crystals for the simulations were
obtained from the literature (Zhang and Joshi, 2012) and can be found in Ta-
ble 2. The main parameters of the crystal plasticity model were adjusted by
comparison of experimental and simulated cyclic stress-strain curves. They
were the initial and saturated critical resolved shear stress of each slip system
as well as of twinning and de-twinning, the corresponding strain hardening
moduli and the parameters for kinematic hardening for each slip system.
They are depicted in Table 3. Some model parameters were adopted from
the literature (Ferna´ndez et al., 2011; Herrera-Solaz et al., 2014a). They are
included in Table 4.
The experimental cyclic stress-strain curves are plotted together with
those obtained by computational homogenization in Fig. 10 for the speci-
mens deformed initially in either tension or compression at different cyclic
strain semi-amplitudes. Overall, the simulated cyclic stress-strain curves are
in good agreement with the experimental results and capture the anisotropy
15
Slip/twin mode basal prismatic pyramidal twinning detwinning
gini (MPa) 8 78 165 30 23.7
gsat (MPa) 19 90 180 31 24.5
H (MPa) 25 150 450 600 600
c (MPa) 40 390 825
d 5 5 5
k 10 10 10
Table 3: Model parameters determined by comparison of the simulation results with the
experimental cyclic stress-strain curves at different cyclic strain semi-amplitudes.
f˙0 0.001 s
−1
γ˙0 0.001 s
−1
m 0.1
h′αβ (coplanar slip systems) 1
h′αβ (non coplanar slip systems) 1.4
h′′αβ 2.0
h′′′αβ 1.0
ass 1.1
ast 2.0
att 1.0
Table 4: Model parameters of flow and hardening laws for Mg alloys after (Ferna´ndez
et al., 2011; Herrera-Solaz et al., 2014a).
in the curves associated with the successive development of twinning and de-
twinning during cyclic loading. It is worth noting that the experimental and
predicted values of the saturated maximum (tension) and minimum (com-
pression) stresses were similar in the case of the samples deformed initially
in tension or in compression for each cyclic strain amplitude. Moreover, the
stabilization of the simulated cyclic stress-strain curves occurred by rapidly
(in a few cycles) while there was some variation during the fatigue life in the
experimental results, particularly in the specimens deformed at ∆/2 = 4%
(Fig. 6).
In addition to the stress-strain curves, the fraction of twinned material
predicted by the computational homogenization strategy is compared in Ta-
ble 5 with the experimental measurements of the twin area fraction far away
from the fracture surfaces. It is important to notice that the fraction of
16
-0.04 -0.02 0 0.02 0.04
True Strain
-200
-100
0
100
200
Tr
ue
 S
tre
ss
  (
M
Pa
)
-0.04 -0.02 0 0.02 0.04
True Strain
-200
-100
0
100
200
Tr
ue
 S
tre
ss
  (
M
Pa
)
-0.04 -0.02 0 0.02 0.04
True Strain
-200
-100
0
100
200
Tr
ue
 S
tre
ss
  (
M
Pa
)
-0.04 -0.02 0 0.02 0.04
True Strain
-200
-100
0
100
200
Tr
ue
 S
tre
ss
  (
M
Pa
)
-0.04 -0.02 0 0.02 0.04
True Strain
-200
-100
0
100
200
Tr
ue
 S
tre
ss
  (
M
Pa
)
-0.04 -0.02 0 0.02 0.04
True Strain
-200
-100
0
100
200
Tr
ue
 S
tre
ss
  (
M
Pa
)
experimental
simulated
Figure 10: Experimental (black) and simulated (red) cyclic stress-strain curves of the
Mg - 1Mn - 0.5Nd (wt.%) alloy deformed along the extrusion direction. Different plots
correspond to specimens deformed initially in either tension or compression at different
cyclic strain semi-amplitudes (∆/2 = 0.8%, 2% and 4%).
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∆/2 Experimental Simulated Failure point
(%) (%) (%)
4% 36.45 30.2 compression
4% 26.56 30.1 compression
2% 19.6 19.13 compression
2% 0.3 7.2 tension
0.8% 0.2 2.4 tension
0.8% 1.5 2.5 tension
Table 5: Experimental and simulated twin fraction in samples deformed at different cyclic
strain semi-amplitudes ∆/2. The failure point (whether the specimen failed close to the
maximum tensile strain or to the minimum compressive strain) is indicated for each test.
twinned material was much larger when the sample failed in compression
than in tension in the sample deformed at ∆ = 2% because twinning de-
veloped during the compressive part of the fatigue cycle and detwinning in
the tensile one. The numerical model was able to capture accurately this
phenomenon particular for the specimens deformed at ∆/2=2%, as shown
by the results in Table 5. Unfortunately, the same result could not be ascer-
tained in the samples deformed at ∆ = 4% and 0.8% because the former
always failed in compression and the latter in tension.
5.2. Deformation mechanisms
The extruded Mg-1Mn-0.5Nd alloy presented a peculiar texture (Fig. 3)
which could be approximated by a composite material formed by Mg inclu-
sions with the basal plane practically parallel to the extrusion axis (< 5◦)
embedded in a matrix of Mg crystals with random texture. This texture was
assigned to the the aforementioned RVE shown in Fig. 11 and it is expected
that the deformation mechanisms in the matrix and inclusion regions of the
RVE should be different.
The average cyclic stress-strain curves corresponding to the matrix and
the inclusions obtained by the simulation of the RVE are plotted in Figs.
12a, b and c for the specimens deformed at ∆/2 = 0.8%, 2% and 4%. The
curves correspond to the saturated cyclic-strain curves and include the curves
when the RVE was initially deformed in tension or compression, which were
superposed in all cases. These curves show that the strain hardening rate in
the inclusions during tensile part of the fatigue cycle was higher than that
in the matrix while similar hardening rates were found in both regions in
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Figure 11: RVE of the extruded Mg-1Mn-0.5Nd alloy. (a) Magnitude of the first Euler
angle in each grain of the RVE. (b) Grains with random orientations (87%) and (c) inclu-
sions (13%) oriented with the basal plane practically parallel to the extrusion and loading
axis Z, as shown in the hcp unit cell.
compression.
The differences in the hardening rates in tension and compression be-
tween the matrix and inclusion regions can be understood from the activities
of the different deformation mechanisms in each region during one fatigue
cycle. The relative contribution of basal, prismatic and pyramidal slip to
the plastic shear strain during one fatigue cycle is plotted as a function of
the applied cyclic strain semi-amplitude, ∆/2 in Figs. 13a and b, for the
matrix and inclusion regions of the RVE, respectively. At low cyclic strain
amplitudes (and, thus, small applied stress), basal slip is the dominant defor-
mation mechanism in the matrix and in the inclusions because the stresses
are low and is more difficult to activate prismatic slip, which requires higher
stresses. The differences in the relative contributions of basal and prismatic
slip between the matrix and the inclusions reflect the strong texture in the
inclusions which are not suitably oriented for basal slip. The fraction of
plastic strain accommodated by prismatic slip increased in both regions with
the ∆/2 because of the higher stresses and, in fact, prismatic slip becomes
dominant in the inclusions when ∆/2 = 4%. Overall, the fraction of shear
strain accommodated by prismatic slip in the inclusions was higher that that
in the matrix, and this difference explained the higher strain hardening rate
during the tensile part of the fatigue cycle in the inclusions (Fig. 12)
The results of the simulations in Fig. 13 also show that pyramidal slip
was not active during cyclic deformation and, thus, deformation of the Mg
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Figure 12: Average stable cyclic stress-strain curves in the matrix and inclusion regions
of the RVEs for different values of the applied cyclic strain semi-amplitude. (a) ∆/2 =
0.8%. (b) ∆/2 = 2.0%. (c) ∆/2 = 4.0%. Curves obtained when the RVE was initially
deformed in tension (red) or in compression (black) are presented.
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Figure 13: Relative contribution of basal, prismatic and pyramidal slip to the plastic shear
strain during one fatigue cycle as a function of the applied cyclic strain semi-amplitude
∆/2. (a) Matrix region of the RVE. (b) Inclusion regions of the RVE.
grains along the c was accommodated by means of twinning. The evolution
of the twin volume fraction in the matrix and inclusion regions of the RVE
during each fatigue cycle is plotted in Figs. 14a and b, respectively, for
different values of the applied cyclic strain amplitude. The twin volume
fraction increases rapidly during the compressive part of the fatigue cycle,
particularly in the inclusions while detwinning is activated during the tensile
part of the fatigue cycle. Full detwinning occurs in each fatigue cycle in
the inclusion regions while some residual twinning is found in the matrix
and the magnitude of this residual twin volume fraction increased with the
applied cyclic strain amplitude. Full detwinning of the inclusions and partial
detwinning of the matrix regions is also related to the differences in texture
between both regions.
5.3. Prediction of fatigue life
Current strategies to predict the fatigue life of polycrystalline materials
are based on the use of Fatigue Indicator Parameters (FIPs) (Shenoy et al.,
2007). The FIPs are are associated to the main driving force that controls
crack formation and can obtained from the evolution of mechanical fields
and internal variables at the local level within the RVE in each fatigue cycle
(Segurado et al., 2018). The most common ones are based exclusively on the
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Figure 14: Evolution of the twin volume fraction during one fatigue cycle for different
cyclic strain amplitudes. (a) Matrix regions of the RVE. (b) Inclusion regions of the RVE.
local plastic strain fields such as the plastic shear strain accumulated in one
fatigue cycle (McDowell et al., 2003; Manonukul and Dunne, 2004). It should
be noted that most of the fatigue life during low-cycle fatigue is dominated
by the growth of small in cracks. Nevertheless, most of models to predict the
fatigue life based on computational homogenization assume that the fatigue
life can be predicted from FIPs obtained from RVEs without cracks (Shenoy
et al., 2007; Segurado et al., 2018). This hypothesis is supported by the
fact that many FIPs, such as the accumulated plastic strain or the energy
dissipated in each fatigue, are good indicators of the driving force for both
fatigue crack initiation and fatigue crack propagation of small cracks.
In the case of a hcp Mg crystal with 3 basal, 3 prismatic and 12 pyramidal
slip systems, the plastic shear strain accumulated in the slip system α of the
voxel V in each fatigue cycle can be determined as
∆γα(V ) =
∫
cyc
|γ˙α(V ))| dt (11)
where the contribution of twinning/detwinning to the plastic shear strain has
not been included because this is a reversible process that does not contribute
to the accumulation of damage. It might be that twinning-detwinning in-
fluences the nucleation of cracks during fatigue but this phenomenon is not
clearly established. For instance, Wang et al. (2014) reported the mechanisms
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of microcrack initiation during fatigue of a Mg-G-Y alloy. They found that
microcracks were nucleated at grain boundaries at high strain amplitudes
and along persistent slip bands at low strain amplitudes. Twin boundaries
were not identified as loci for fatigue crack initiation.
Obviously, ∆γα(V ) varies throughout the microstructure of the RVE and
fatigue damage will be nucleated in the voxel with the highest accumulated
plastic shear strain in stable fatigue cycles, which stands for the FIP. Nev-
ertheless, it has been noticed that the maximum value of FIP may depend
on the details of the finite element discretization. Various of averaging ap-
proaches were proposed to avoid spurious stress concentrations and minimize
mesh size effects (Castelluccio and McDowell, 2015). One possibility is to
determine the FIP by volume averaging over a region representative of the
crack incubation zone (Shenoy et al., 2007; Castelluccio and McDowell, 2015;
Cruzado et al., 2018) but the mesh dependency can also be partially removed
by extracting the FIP from the statistical distribution of ∆γα(V ) throughout
the RVE. There are 23958 slip systems in the RVE taking into account there
are 1331 integration points and 18 slip systems (3 basal, 3 prismatic and 12
pyramidal) in each integration point. The cumulative probability of ∆γα is
plotted in Fig. 15 for the RVE deformed at ∆/2 = 0.8%, 2.0% and 4.0%.
The highest plastic shear strain accumulated in one slip system in each fa-
tigue cycle, ∆γα1 , corresponds to a cumulative probability of 1/23958 while
the values of ∆γα which are attained in 10 (∆γα10), 100 (∆γ
α
100) and 1000
(∆γα1000) slips systems of the RVE during one fatigue cycle are given by the
corresponding cumulative probabilities, as shown in Fig. 15. The highest
values of ∆γα were found within the matrix regions of the RVE.
The plastic shear strain accumulated that is attained in s = 1, 10, 100
or 1000 slip systems during one fatigue cycle can be used to estimate the
fatigue life according to
N = ∆γc/∆γαs (12)
where ∆γc is a model parameter whose value depends on the ∆γαs chosen
as the FIP. The experimental results of the fatigue life in Fig. 7 can be
fitted to eq. (12) using different values of ∆γαs for each FIP, which can be
found in Table 6. They were obtained by the least squares fitting of the
experimental results to eq. (12). The four FIPs used in eq. (12) to estimate
the fatigue life led to reasonable predictions and none of them can be selected
as the best one because of the experimental scatter and the limited number
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Figure 15: Cumulative probability of ∆γα in the RVE of the Mg alloy subjected to fatigue
deformation at ∆/2 = 0.8%, 2.0% and 4.0%.
Fatigue indicator parameters ∆γc
∆γα1 28.0
∆γα10 26.0
∆γα100 20.5
∆γα1000 6.35
Table 6: Critical values of the different fatigue indicator parameters to predict the fatigue
life of the extruded Mg - 1Mn - 0.5Nd (wt. %) alloy.
of tests. These results seem to indicate that the fatigue life of Mg alloys
containing rare earths is controlled by the localization of plastic strain in
each fatigue cycle. Due to the limited texture of these alloys, basal slip
is the dominant deformation mechanism and, thus, controls the nucleation
of fatigue cracks during cyclic deformation. The current study explicitly
addresses the influence of the crystallographic texture on the fatigue life of
Mg alloys and could be helpful to design Mg alloys with longer fatigue life.
6. Conclusions
The fatigue behavior under fully-reversed cyclic deformation was studied
in an extruded Mg-1Mn-0.5Nd alloy. An advanced CP-FEM model was de-
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Figure 16: Experimental results and estimations of the fatigue life from eq. (12) for
different ∆γαs FIPs. The dots of the experimental results stand for the average fatigue life
while the error bars go from the minimum to the maximum fatigue life for each ∆/2.
veloped by considering important deformation mechanisms, i.e. basal slip,
prismatic slip, and pyramidal slip, twinning and detwinning and back stress.
At the same time, the computational homogenization was carried out using
a 3D representative volume element. Although the pole figure of extruded
Mg-1Mn-0.5Nd shew a typical extrusion texture, the magnitude of the tex-
ture is much smaller than the typical texture of Mg alloys without rare earth
elements. Thus, the current paper reported the first detailed experiment-
simulation-coupled study of the fatigue deformation mechanisms of Mg-RE
alloy with weak texture. The main conclusion of our paper was the following:
• Cyclic hardening under compression and cyclic softening under ten-
sion was observed due to the presence of twinning and detwinning.
Moreover, the twin volume fraction of the broken samples depended on
whether the sample was broken in tension or compression, indicating
that twining-detwinning occurs during the whole fatigue life.
• The cyclic deformation was mainly accommodated by basal slip, pris-
matic slip and continuous twinning-detwinning. As full detwinning
occurred in the inclusion regions but not in the matrix regions, texture
influences fatigue life explicitly.
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• For the first time the fatigue life of the Mg-RE alloy was predicted
from a fatigue indicator parameter based on the accumulated shear in
a stable hysteresis loop.
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